The international trade of coal is highly dependent on transportation by sea, and coal shipments continue to increase on a global scale[@b1]. Recent scientific, political and public opinion has raised concerns regarding the increase in coal mining and shipping adjacent to sensitive tropical coastal environments, including World Heritage listed sites such as the Great Barrier Reef (GBR)[@b2]. To date, major concerns about these activities have pertained to increased dredging to facilitate port access for coal vessels, and the burning of coal increasing greenhouse gas emissions. However, growth in seaborne coal trade has also been accompanied by increased shipping accidents that have potential to cause widespread damage to marine ecosystems. For instance, the groundings of the bulk coal carriers *Castillo de Salas* (Spain, 1986), *Eurobulker IV* (Italy, 2000) and *MV Smart* (South Africa, 2013) released between 17,000 and 100,000 tons of unburnt coal into the marine environment[@b3][@b4]. Calm weather conditions helped prevent 68,000 tons of coal on board the grounded *Shen Neng I* from spilling onto the GBR in 2010[@b5].

Despite the occurrence of these large-scale incidents over a period of several decades, there is currently no scientific consensus on the levels at which unburnt coal becomes a threat to the health of tropical marine organisms. Although seaborne coal trade is highest in tropical regions (Indonesia and Australia)[@b1], studies of coal impacts on marine environments have generally been conducted in temperate regions where, for example, long-term colliery waste contamination was linked with declines in species richness and diversity[@b6]. The paucity of knowledge on coal impacts in tropical environments means that we are unable to competently assess the potential threats of accidental release of coal into tropical marine environments.

Other forms of particulate matter contamination in seawater (e.g., sediment) can reduce the growth and survival of tropical marine organisms by reducing light penetration into water and by smothering tissues through direct deposition of particles onto organisms[@b7][@b8]. Similarly, direct pathways for organism harm by coal are likely to include suspended particles, increased light attenuation from turbidity, and smothering of sessile benthic organisms, leading to reduced photosynthesis and feeding[@b9]. In addition, coal may contain contaminants such as polycyclic aromatic hydrocarbons (PAHs) and trace metals, and a fraction of these contaminants can be released from coal dust into the surrounding seawater[@b9][@b10][@b11]. Metals can be toxic to marine species by disrupting enzyme activity and membrane structure, but the effects of metals are highly dependent on speciation and bioavailability[@b12]. PAHs affect organisms via non-specific narcosis[@b13] and can be carcinogenic and mutagenic to marine life[@b14]. Sub-lethal chronic effects may include reduced growth, decreased fecundity and reproductive failure; however, the response to PAHs also varies greatly with bioavailability and the capacity of organisms to detoxify during metabolism[@b15].

We evaluated lethal and sub-lethal coal concentrations by quantifying the effects of suspended coal dust and coal dust deposition on key demographic rates (growth, mortality) of coral (*A. tenuis*), fish (*A. polyacanthus,* spiny chromis) and seagrass (*H. uninervis*). The potential effects of coal on key representative species from the tropics, measured here for the first time, is critical for the development of appropriate risk assessments and policy development associated with the safe and sustainable shipment of coal through the GBR and other tropical ecosystems of high ecological value.

Results and Discussion
======================

Water Quality in Experimental Treatments
----------------------------------------

Experimental treatments of suspended and settling coal particles mimicked five broad pulse intensities (ranging from 0--275 mg coal l^−1^, [Table 1](#t1){ref-type="table"}) lasting 28 d. Attenuation of light in coal treatments ranged from 44--99%, relative to control values ([Table 1](#t1){ref-type="table"}). Coal deposition rates ranged from 11--241 mg cm^−2 ^d^−1^ in sediment traps and 2--46 mg cm^−2 ^d^−1^ on flat surfaces (pods) ([Table 1](#t1){ref-type="table"}, [Supplementary Material Fig. S1](#S1){ref-type="supplementary-material"}). Trace metal analysis of experiment treatment water (filtered leachate) sampled at 28 d showed significantly (*P* \< 0.05) higher concentrations of arsenic, cobalt and nickel in certain coal treatments in comparison with control water ([Table 2](#t2){ref-type="table"}). However, the highest metal concentrations were not always measured in the highest coal treatments. The magnitude of change in dissolved metal concentrations in relation to control seawater was minimal: arsenic varied by 0.3 μg l^−1^; cadmium 0.1 μg l^−1^; cobalt 0.2 μg l^−1^; copper 0.2 μg l^−1^; lead 0.1 μg l^−1^; manganese 0.3 μg l^−1^; molybdenum 0.8 μg l^−1^; nickel 2.4 μg l^−1^; zinc 0.9 μg l^−1^. These findings suggest that metals were not likely contributing to the observed effects.

Although the tanks were moderately turbulent (water flow of 5--10 cm sec^−1^) due to the presence of pumps, the coal particles attached to many surfaces within the tanks, contributing to lower total suspended coal (TSC) exposures in the latter half of the four week pulse ([Supplementary Material Fig. S1](#S1){ref-type="supplementary-material"}). While there is limited evidence documenting the concentrations of suspended coal present in seawater during a spill event, our high coal treatment (275 mg coal l^−1^) was lower than the concentrations applied to temperate species in other experimental studies (500--13,500 mg coal l^−1^)[@b16][@b17]. Moreover, the results of the present experiment may be considered conservative in relation to the broader effects of coal during a spill event as we only investigated the effects of fine coal particles (\<63 μm) which are likely to remain in suspension for long periods[@b3][@b18]. A large spill scenario at sea would also release larger particles that settle more rapidly[@b3][@b18], posing further risks of physical damage, including smothering.

Responses of tropical marine organisms to coal exposure
-------------------------------------------------------

### Corals

In all coal treatments, particles settled directly onto coral polyps and connecting tissue (i.e., coenosarc, [Fig. 1b,c](#f1){ref-type="fig"}) and the initial response of corals to coal exposure was the release of fine mucus strands, which trapped coal particles and removed them from the tissue surface, similar to the response of corals exposed to sediments[@b7][@b19][@b20]. Branching corals, such as *A. tenuis,* are often considered among the most resistant morphologies to sedimentation due to their vertical growth[@b20], yet despite their active mechanisms for coal removal; some coral tissue died and sloughed off the skeleton within 14 d in all treatments ≥38 mg coal l^−1^ ([Figs 1](#f1){ref-type="fig"}b,c and [2](#f2){ref-type="fig"}a). The extent of tissue mortality on coral branches differed significantly among coal treatments (Permanova, Pseudo-F~4,10~ = 43.6, *P* = 0.0001), and over time (Permanova, Pseudo-F~1,10~ = 20.5, *P* = 0.0009) ([Fig. 2a](#f2){ref-type="fig"}, see statistical outputs in [Supplementary Material Tables S1](#S1){ref-type="supplementary-material"} and [S2](#S1){ref-type="supplementary-material"}). After 14 d of exposure, control and low (38 mg coal l^−1^) coal treatments exhibited significantly lower coral mortality than treatments ≥202 mg coal l^−1^ (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05). After 28 d, mortality in all coal treatments ≥38 mg coal l^−1^ was significantly higher than the controls (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05). Corals in the control treatment exhibited less than 3% mortality, while 100% tissue mortality occurred in all branches in the three highest coal exposures ([Figs 1](#f1){ref-type="fig"}c and [2](#f2){ref-type="fig"}a). Corals in the 38 mg coal l^−1^ treatment exhibited significantly lower mortality than corals in treatments ≥73 mg coal l^−1^ (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05). Pair-wise comparisons between treatments revealed lowest observed effect concentrations (LOEC) of 202 mg coal l^−1^ and 38 mg coal l^−1^ at 14 and 28 d, respectively. Fitting four-parameter sigmoidal curves to the data revealed lethal concentrations (LC~10~ and LC~50~) of 29 mg coal l^−1^ and 87 mg coal l^−1^ at 14 d, respectively, and 34 mg coal l^−1^ and 36 mg coal l^−1^ at 28 d, respectively ([Supplementary Material Fig. S2a](#S1){ref-type="supplementary-material"}).

Coral mortality in response to the suspension of fine coal particles may have a number of causes. The accumulation of coal particles on the vertical tissue could have caused anoxia at the coral-coal interface[@b21]. Similar surface accumulation of particles was not observed after a month in comparable exposures of *Acropora millepora* branches to fine carbonate sediments[@b22] and could indicate either greater adhesion by coal or reduced fitness in corals exposed to coal rather than sediments. The energetic costs of removing deposited particles (including mucus production) may be further exacerbated in the presence of coal by the strong attenuation of light over 14 and 28 d, which would reduce primary production rates by the symbiotic dinoflagellates. Although the corals were fed once per week with *Artemia* nauplii, heterotrophic feeding behaviour may have been altered in smothered sections of coral colonies[@b19].

### Fish

The health of coal-exposed fish was compromised in all coal treatments and differences in fish size and colour were observed over the course of the experiment ([Fig. 1d](#f1){ref-type="fig"}). Fish growth rates varied significantly between coal treatments and controls (Permanova, Pseudo-F~3,8.1~ = 21.7, *P* = 0.01), and over time (Permanova, Pseudo-F~1,8.5~ = 141.4, *P* = 0.0002) ([Fig. 2b](#f2){ref-type="fig"}, see statistical outputs in [Supplementary Material Tables S1](#S1){ref-type="supplementary-material"} and [S2](#S1){ref-type="supplementary-material"}). Significant differences in growth occurred within the first 14 d of the experiment, with fish exposed to coal levels ≥38 mg coal l^−1^ showing significantly lower growth rates than control fish, irrespective of coal treatment levels (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05, [Fig. 2b](#f2){ref-type="fig"}). Growth inhibition, relative to control fish, at 14 d ranged from 36.1 ± 4.6%--40.2 ± 4.5% and 42.2 ± 6.0%--52.3 ± 4.3% at 28 d ([Supplementary Material Fig. S2b](#S1){ref-type="supplementary-material"}). The LOEC on fish growth rates was 38 mg coal l^−1^ at both time points and linear interpolation of the growth data revealed inhibition concentration (IC~10~) estimates of 11 and 9 mg coal l^−1^ at 14 and 28 d, respectively, and IC~50~ estimates of 73 mg coal l^−1^ at 28 d. IC~50~ estimates were not possible at 14 d because growth inhibition was below 50%.

The negative impact of coal on fish growth is consistent with the response of marine fish to increased suspended sediments which is thought to be caused by visual impairment leading to reduced prey capture success and increased foraging time and energy expenditure[@b23][@b24]. A preliminary post mortem investigation on the coal-exposed fish in this experiment revealed coal in the alimentary tracts, which was mistakenly ingested and could have physically blocked normal feeding and digestion contributing to starvation and debilitation. In addition, it is possible that suspended coal affected fish respiration[@b25][@b26], an effect that may have been consistent across all coal treatments.

Despite the considerable effects on fish growth, all coal-exposed fish survived except for two individuals that were exposed to the highest coal treatment of 275 mg coal l^−1^. The lethal effects of suspended sediments on fish are dependent on the particle size, angularity, exposure duration, and are typically observed when concentrations reach ≥hundreds of mg l^−1^ [@b23][@b27][@b28]. The survival of fish in the current study, along with the very high LC~50~ (7000 mg coal l^−1^) reported for 8 d coal exposures of juvenile coho salmon[@b17], support the notion that coal spills are not likely to cause direct mortality in fish under most coal spill scenarios. However, suspended sediment can prolong reef fish larvae development[@b29], negatively influence gill morphology and increase pathogenic bacterial communities on larval gills[@b30], suggesting further studies are required to investigate the vulnerability of early life stages of fish to suspended coal. Although mortality was low, certain post-settlement processes are size dependent for reef fishes[@b31], suggesting that lower growth rates *in situ* may have later implications on individual survivorship[@b23]. Moreover, as fecundity of fish is size dependent[@b31][@b32], suppressed growth can lower lifetime reproductive output.

### Seagrass

Coal particles were observed to attach to the seagrass leaves less than 24 h after exposure commenced, and many leaves were completely coated in a film of coal throughout the experiment ([Fig. 1e](#f1){ref-type="fig"}). Coal also accumulated onto the sediment surface in seagrass pots where new shoots develop ([Fig. 1e](#f1){ref-type="fig"}). Significant differences were measured for leaf elongation (Permanova, Pseudo-F~4,10~ = 35.9, *P* = 0.0002) and shoot density (Permanova, Pseudo-F~4,10~ = 9.8, *P* = 0.0002) between experimental treatments. Leaf elongation rates differed significantly over time (Permanova, Pseudo-F~1,10~ = 67.5, *P* = 0.0001) (see statistical outputs in [Supplementary Material Tables S1](#S1){ref-type="supplementary-material"} and [S2](#S1){ref-type="supplementary-material"}). Leaf elongation was more sensitive than shoot density and was significantly affected (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05) in treatments ≥73 mg coal l^−1^ (LOEC) at both 14 d and 28 d ([Fig. 2c](#f2){ref-type="fig"}). The magnitude of the effect of coal exposure on leaf elongation rates was large, with overall growth inhibited by 6.7 ± 5.0%--45.2 ± 3.8% and 31.1 ± 4.5%--49.5 ± 3.1% relative to controls at 14 and 28 d, respectively ([Supplementary Material Fig. S2c](#S1){ref-type="supplementary-material"}). The estimated threshold for impact for this parameter (IC~10~) was 42 mg coal l^−1^ at 14 d and 12 mg coal l^−1^ at 28 d, while the IC~50~ was 275 mg coal l^−1^ at 28 d. IC~50~ estimates were not possible at 14 d because growth inhibition was below 50%. Shoot density continued to increase in control and 38 mg coal l^−1^ treatments throughout the experiment duration, however, was significantly reduced (Student-t post hoc, Monte Carlo simulation, *P* \< 0.05) at 28 d in coal treatments ≥73 mg coal l^−1^ (28 d LOEC), with a mean net loss of 1.3 ± 3.4%--4.6 ± 1.4% of shoots at this time point ([Fig. 2d](#f2){ref-type="fig"}).

The coal exposures may have impacted the seagrass in multiple ways. Seagrass requires light to conduct photosynthesis and the light environment was greatly affected by attenuation through the water column ([Table 1](#t1){ref-type="table"}). Irradiance intensity is a principal factor regulating seagrass growth and shading of surface irradiance to low levels (0.2--4.4 mol m^−2 ^d^−1^) has contributed to reduced leaf elongation and shoot loss in the same species[@b33]. In addition, the direct coating of leaves with a layer of coal particles is likely to further reduce light penetration[@b34]. Both types of shading and reduced transport of CO~2~ into the leaves through the coal barrier will limit photosynthetic carbon fixation, chlorophyll *a* production[@b34] and inhibit growth[@b35]. Seagrasses maintain a store of carbohydrates within the root-rhizome complex and this is likely to have enabled slight positive leaf extension over the experimental exposures[@b36]. Although not directly measured in this experiment, coal exposure can also cause abrasive damage to aquatic plants[@b16][@b37].

Conclusions
===========

While there were differences in sensitivity between the taxa tested here, both sessile and mobile organisms were affected by similar concentrations of coal particles. In most cases the impacts increased with suspended coal concentration and exposure duration. Although this study did not specifically investigate the stress-response pathways, it was clear that coal particles affect corals, fish and seagrass in ways that are similar to the effects of other suspended solids, including: light limitation, direct smothering and reduced feeding efficiency. Despite these similarities, coal particles appear to have more severe effects on corals than other suspended solids. For instance, chronic exposure of corals to fine carbonate sediment in a similar experimental setup resulted in only 11% mortality in branching coral *Acropora millepora* after 84 d exposure to 100 mg l^−1^ (83 mg cm^−2 ^d^−1^ deposition)[@b22], while only high levels of acute bottom sand deposition (200 mg cm^−2 ^d^−1^) caused mortality in branching coral *Acropora palmata*[@b38]. These differences may be due to coal particles attenuating light more strongly and adhering to coral to a greater extent than inorganic particles. While several metals were elevated in coal treatments in comparison with controls, the magnitude of this increase due to leaching was minimal and only the relatively low toxicity element cobalt was detected at concentrations greater than ANZECC guidelines[@b39]. Our results are consistent with previous studies that showed coal generally does not leach toxic levels of trace metals[@b10][@b11]. Though not measured in the present study, leaching of PAHs from coal is also generally considered low and to have very low bioavailability[@b3][@b9][@b40], suggesting that the measured adverse effects in the present study were primarily due to physical mechanisms.

As global demand for, and marine transport of, coal continues to increase, specific information is needed to effectively manage risks to areas of high conservation value, such as coral reefs and seagrass meadows, that may be impacted by unburnt coal from terrestrial sources and accidental spills. This first study to examine the effects of fine coal particles on tropical marine organisms demonstrates that moderate to high levels of coal contamination can substantially decrease growth and increase mortality of important reef-building coral species, reef fish and seagrass. Further research is warranted to measure the effects of coal contamination on reproduction and early life histories of corals, fish, invertebrates, as well as the effects of ingestion and smothering on sessile benthic organisms. Considering that hydrocarbon markers for coal have been identified up to 180 m offshore in the World Heritage listed GBR[@b41], understanding the risks posed by unburnt coal also requires an improved understanding of *in situ* chronic exposures from coastal operations[@b9] and potential transport into reef and seagrass systems by wind and currents. The experimental scenario applied in the present study is particularly relevant to shipping accidents, where high concentrations of unburnt coal can be present in water adjacent to globally threatened habitats. The effect thresholds of coal to coral, fish and seagrass, such as those identified here, are critically important for marine park managers, regulators, industry and shipping operators as a basis to improve risk assessments and policy development associated with safer and more sustainable shipment of coal.

Materials and Methods
=====================

Conceptual basis for experimental design
----------------------------------------

This experiment was conducted at the indoor facilities of the National Sea Simulator at the Australian Institute of Marine Science (AIMS) in June--July 2014. Thermal coal (sourced from central Queensland, Australia) was crushed, milled and sieved to isolate particles \<63 μm. Organisms were exposed to five coal treatment levels (0--275 mg coal l^−1^) in custom 55 l flow-through tanks (n = 3 per treatment) that were designed to maintain particles in suspension, with twice daily turnovers of water. Coal suspension was aided by the sloped tank base that used gravity to draw settled particles towards an external pump that re-circulated/suspended particles, and an air stone within the tank that aided particle movement (see [Supplementary Material, Fig. S3](#S1){ref-type="supplementary-material"}). Each treatment tank contained 9 coral (*A. tenuis*) fragments (5 cm length), 10 fish (*A. polyacanthus*, \~11 weeks old) and 3 pots of seagrass (*H. uninervis*, average 33 shoots per pot growing in sediment), with the exception of the 202 mg coal l^−1^ treatments which contained no fish.

Response variables monitored for experimental organisms during coal exposure
----------------------------------------------------------------------------

Growth and mortality were assessed for the study species in each experimental treatment and at two time points during the experiment (14 and 28 d). For seagrass, leaf elongation was used as a proxy for growth. Between each sampling point 5 leaves per pot (n = 45 per treatment) were haphazardly chosen and pierced 2 times with an insulin needle at the top of the sheath. The distance between the sheath holes and needle scars in the leaf were measured using callipers. New holes were made approximately 1 week prior to each sampling period. Measurements were converted into growth rate per day (mm d^−1^). For fish, the standard length was measured in each fish 5 d prior to the commencement of the experiment and again after 14 and 28 d of coal exposure. Each fish was tagged with an individual fluorescent marker by subcutaneous injection of an elastomer dye with an insulin needle[@b23] and fish were measured in seawater-filled zip lock bags with hand held calipers. Seagrass and fish growth inhibition values were calculated relative to the mean control growth rates at 14 and 28 d, respectively.

Coral mortality was measured at each sampling interval. Nine random coral fragments were sacrificed by snap freezing with liquid nitrogen then photographed at 2 different (non-overlapping) angles next to a scale bar. To avoid confounding irregularities at the bases of fragments due to fragmentation and gluing, the bottom 3 mm of each branch was omitted from the measurement. ImageJ software (U.S. NIH, MD, USA <http://rsb.info.nih.gov/ij/>) was used to analyse the proportion of dead tissue on each coral fragment. Tissue was categorized as 1) alive = presence of pigmented or bleached tissue; 2) dead = sloughed tissue (visible skeletal structure) or coal smothered skeleton. For the seagrass, loss of above ground shoot density was used as a proxy for mortality. Prior to the commencement of the experiment and at each sampling interval individual seagrass shoots were counted in each pot. Change in shoot density was calculated by subtracting the shoot count of each pot at a time point from the initial (time 0) shoot count of the same pot. These values were converted into percentage change in shoot density relative to time 0 for each respective treatment level. Finally, fish mortality was assessed at each sampling interval by counting the number of live fish in each tank. All experimental protocols involving fish were approved by James Cook University and the methods were carried out in accordance with the approved James Cook University animal ethics guidelines.

Water quality parameters
------------------------

Water quality parameters were measured in each treatment tank throughout the 28 d exposure period. Total suspended solid (TSS) sampling was performed 6--7 times per fortnight on 500 ml aliquots from each tank (n = 1 per tank) during the experimental period. Water was shaken and filtered through pre-weighed filters (0.7 μm glass microfibre) that were then rinsed with deionized water and oven dried (60 °C) until a constant weight was maintained. The gain in weight of each filter was multiplied by 2 to express the TSS in mg l^−1^. Since other organic materials, such as algae, faecal matter and uneaten fish food, were present in all of the experimental tanks including the control treatment, the mean TSS measured in control tanks was subtracted from coal treatments to derive measurements of total suspended coal (TSC; [Supplementary Fig. S1a](#S1){ref-type="supplementary-material"}). Temperature was measured 5 times per fortnight (n = 1 per tank) with a thermometer and light attenuation, expressed as photosynthetically active radiation (PAR) was measured weekly (n = 1 per tank) with a Li-250A light meter (Li-cor, Lincoln NE, USA) at the height of the corals and seagrass in the experimental tanks (approximately 25 cm below the water surface). Dissolved oxygen saturation was measured at the start of the experiment followed by twice per week (n = 1 per tank) using a Hach Probe (HQ 40 d) and pH was measured on 3 occasions (n = 1 per tank) using a potentiometric pH probe (console: OAKTON, USA; pH probe: EUTECH, USA).

Coal deposition rates were measured in each tank using 2 methods ([Supplementary Fig. S1b,c](#S1){ref-type="supplementary-material"}). The first involved small sediment traps (n = 3 per tank) (20 ml glass vials, 15 mm opening diameter, 58 mm height) with the top at a height similar to the corals[@b22]. The second method used flat-surfaced sediment pods (n = 1 per tank), which allow for re-suspension of particles[@b42]. Both traps (sampled weekly) and pods (sampled 4--5 times per fortnight) were collected 24 h after deployment and contents were filtered through pre-weighed filters (0.7 μm glass microfibre) that were rinsed with deionized water and oven dried (60 °C) until a constant weight was maintained for determination of deposition rate. Similar to TSC measurements, the mean weight of organic material deposited onto control filters was subtracted from the mean coal deposition values in each treatment in order to present a measurement of coal deposition only.

Water samples were taken at 28 d to assess the potential contamination by trace metals (Co, As, Cd, Cu, Pb, Mn, Mo, Ni, Zn). Metal analysis was conducted at Charles Darwin University (Australia) using inductively coupled plasma mass spectrometry (ICP-MS). Water samples (0.45 μm syringe filtered leachate, 150 ml) were taken from each treatment (n = 3; 3 × 50 ml per tank, which was pooled for each treatment replicate). PAHs were not detected or bioavailable in previous coal seawater leaching studies[@b3][@b40] and were not analysed here.

Statistical analysis
--------------------

To evaluate organism responses to coal particles a multifactor analysis of variance between 14 and 28 d was implemented based on permutations using the PERMANOVA routine of PRIMER (Version 6.0). Euclidean Distance was used as the similarity measure (with 9999 permutations) and pair-wise comparisons were made with the Student t-test with Monte Carlo simulations used when unique permutations were \<1000. Coral mortality (%) data was arcsine square root transformed prior to analysis. The n for each taxa in the PERMANOVA analysis were as follows: coral (n = 9 per treatment per time point), fish (n = 23--29), and seagrass (growth n = 45 leaves per treatment per time point; change in shoot density n = 9 pots per treatment per time point). The factors analysed were: coal concentration (5 fixed), exposure time (2 fixed), tank (3 random: nested within concentration), with the addition of replicates (e.g., replicated seagrass pots, random: nested within tank) where appropriate ([Supplementary Material Table S1](#S1){ref-type="supplementary-material"}). Four-parameter sigmoidal curves were fitted to coral mortality data to estimate lethal concentration (LC~10~ and LC~50~) values for mortality using GraphPad Prism (Version 6.0). Concentrations resulting in mean inhibition of growth (IC~10~ and IC~50~) were estimated for fish and seagrass using linear interpolation in SigmaPlot (Version 11.0). Analysis of variance (one-way ANOVA) was used to compare means of trace elements between coal treatments in SigmaPlot (Version 11.0). Elements (Co and Pb) that did not meet the assumptions of normality (based on Shapiro-Wilk normality test) were log-transformed.
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![Comparison of three taxa after coal exposure.\
Stages of coral health degradation after 14 d exposure to 0 mg coal l^−1^ (**a**), 73 mg coal l^−1^ (**b**) and 275 mg coal l^−1^ (**c**). Mucus strands were used to actively remove settled coal (**b**) and coal deposition that exceeded removal efforts resulted in nubbin mortality (**c**). Fish from control vs. coal exposed treatments (0 mg coal l^−1^--275 mg coal l^−1^) after 28 d exposure (**d**). Coal settled onto seagrass leaves and substrate (**e**). Note: No fish were present in the 202 mg coal l^−1^ treatment. All scale bars = 5 mm.](srep25894-f1){#f1}

![Differences in measures of key demographic rates in relation to coal concentration and exposure duration.\
Differences in the mean (±s.e.m.) survival of corals (*A. tenuis*) (**a**), growth rates of fish (*A. polyacanthus*) (**b**) and seagrass (*H. uninervis*) (**c**), and percentage change in seagrass shoot density (**d**) at 14 d (*closed circle*) and 28 d (*open circle*) exposure. Asterisks depict a significant difference (*P* \< 0.05) between the mean coal treatment and control values. Note: mean change in seagrass shoot density (**d**) is relative to time 0 values at each treatment level in each replicate seagrass pot. Mean values above 0 suggest growth, while values below 0 suggest mortality. No fish were present in the 202 mg coal l^−1^ treatment.](srep25894-f2){#f2}

###### Summary of water quality parameters.

  Treatment      TSC        Light      Light attenuation (%)   Coal deposition (vials)   Coal deposition (pods)   Temperature   Dissolved oxygen       pH
  ----------- ---------- ------------ ----------------------- ------------------------- ------------------------ ------------- ------------------ ------------
  Control         0       177 ± 8.59            --                        0                        0               26 ± 0.15       8.5 ± 0.02      8.1 ± 0.02
  Low           38 ± 6    99 ± 9.39             44                    11 ± 1.99                2.3 ± 0.24          26 ± 0.13       8.3 ± 0.03      8.0 ± 0.00
  Moderate     73 ± 11    21 ± 3.76             88                    38 ± 4.94                11 ± 1.48           26 ± 0.10       8.3 ± 0.02      8.0 ± 0.00
  Medium       202 ± 32   1.9 ± 0.70            99                    126 ± 24                 25 ± 3.16           27 ± 0.09       8.2 ± 0.02      8.0 ± 0.00
  High         275 ± 36   1.1 ± 0.32            99                    241  ± 37                46 ± 4.25           26 ± 0.10       8.3 ± 0.02      8.0 ± 0.00

Mean (±s.e.m.) total suspended coal (TSC) (mg l^−1^), light (PAR, μmol photons m^−2 ^s^−1^), light attenuation (% rel. to 0 mg coal l^−1^), coal deposition rates (mg cm^−2^ day^−1^) in glass vials and deposition pods, temperature (°C), dissolved oxygen (mg l^−1^) and pH. Note: Mean deposition of particulate matter in control treatments (7.3 mg l^−1^ for TSC, 5.2 and 0.7 mg cm^−2^ day^−1^ for vials and pods, respectively) was subtracted from all coal treatments to depict only coal suspension and deposition. Variation in TSC and deposition over time are presented in [Supplementary Material Fig. S1](#S1){ref-type="supplementary-material"}. n = total replicates per treatment over the experiment duration.

###### Elemental analysis (μg l^−1^) from water samples (n = 3) in each treatment (mean ± s.e.m.).

  Element            Leach test (μg l^−1^) from each coal treatment                                            
  ----------------- ------------------------------------------------ ------------- ------------- ------------- -------------
  Arsenic (As)                         1.2 ± 0.1                       1.4 ± 0.1    1.5 ± 0.1\*    1.4 ± 0.1     1.4 ± 0.0
  Cadmium (Cd)                         0.1 ± 0.0                       0.1 ± 0.0     0.1 ± 0.0     0.0 ± 0.0     0.1 ± 0.0
  Cobalt (Co)                          0.0 ± 0.0                      0.1 ± 0.0\*   0.1 ± 0.0\*   0.2 ± 0.0\*   0.1 ± 0.0\*
  Copper (Cu)                          0.3 ± 0.1                       0.5 ± 0.1     0.5 ± 0.1     0.5 ± 0.1     0.5 ± 0.3
  Lead (Pb)                            0.0 ± 0.0                       0.1 ± 0.0     0.1 ± 0.0     0.0 ± 0.0     0.0 ± 0.0
  Manganese (Mn)                       0.3 ± 0.1                       0.3 ± 0.1     0.4 ± 0.1     0.6 ± 0.1     0.6 ± 0.2
  Molybdenum (Mo)                      11.3 ± 0.2                     11.0 ± 0.5    11.4 ± 0.5    12.0 ± 0.2    12.1 ± 0.1
  Nickel (Ni)                          0.5 ± 0.1                       1.1 ± 0.2     1.8 ± 0.4    2.9 ± 0.8\*    2.6 ± 0.5
  Zinc (Zn)                             2.1±0.7                        2.9 ± 1.1     3.0 ± 0.9     2.5 ± 0.3     2.9 ± 0.8

Coal treatments where levels were significantly different from the control treatment (ANOVA, one-way analysis of variance) are depicted with a\*.
